To clarify the large-scale coherent structure in a turbulent plane jet, the simultaneous measurement of the main streamwise and the cross-streamwise velocity at 9 points in the self-preserving region of a turbulent plane jet has been performed using an array of X-type hot-wire probes. From the time variation of the main streamwise fluctuating velocity field, it is found that there exists a pair of fluid lumps with the positive and negative fluctuating velocity on opposite sides of the jet centerline. On the other hand, the instantaneous crossstreamwise fluctuating velocity shows the same sign over the cross section; i.e., a vertically striped pattern is formed. On the basis of the result of the Karhunen-Loève (KL) expansion, a new interpretation of the coherent structure model in the self-preserving region of a turbulent plane jet has been given from the combination of "flapping" and "puffing".
On the Development of Coherent Structure in a Plane Jet: Part 4, The Multipoint Simultaneous Measurement of Two-Component
Velocities and the Simple Coherent Structure Model
Introduction
Since a coherent structure causes the fluid resistance, sound noise, mixing enhancement and the vibration of the solid structure, and other effects, the understanding of these physical characteristics is very important for industrial applications. In this study, a plane jet is chosen as a research subject because of the simplicity of its flow field. The coherent structure of a plane jet has been studied by many researchers (1) - (4) , but the systematic understanding of the coherent structure in the self-preserving region of a plane jet at high Reynolds number has not been obtained yet (5) , (6) . In this study, the multipoint simultaneous measurements of the main streamwise and crossstreamwise velocities in the self-preserving region of a plane jet have been performed using an array of X-type hot-wire probes, and the spatiotemporal characteristics of the coherent structure are investigated. In particular, the energetic structures (i.e., the low-order modes) are extracted by the KL expansion (5) - (8) , and the time variations of the fluctuating velocity fields reconstructed using the low-order modes are examined. From this analysis, we can give a new interpretation on the previous large-scale structure model in the self-preserving of a turbulent plane jet.
KL Expansion
For simplicity, we explain the theory of the KL expansion for one component u of the velocity vector u. Eigenfunctions φ (n) u (x 2 ) and eigenvalues λ (n) u of the KL expansion for u are given as the solution of the following eigenvalue problem of the two-point spatial correlation tensor (5) , (7), (8) 
where x 2 and x 2 denote the cross-streamwise coordinates (see Fig. 1 ), and x N is the number of Xtype hot-wire probes and · denotes an ensemble average.
2 ) is the j-component of the following N-dimensional weighting vector w,
The important properties of the KL expansion are summarized as follows.
(a) The eigenvalues are real, and they are usually arranged in the order of decreasing magnitude:
(b) The velocity field can be expressed as a linear combination of the eigenfunctions:
where from the orthogonality of the eigenfunctions the random coefficients a
I is a domain for applying the KL expansion.
(c) The integral of the mean-square value of the fluctuating velocity u in the domain I is given by the sum of the eigenvalues, Figure 1 shows a schematic of experimental apparatus near the two-dimensional nozzle exit and the coordinate system. The skimmer was installed at a position of about 1 mm downstream from the nozzle exit. The height is about 16 000. The coordinate system is as follows: the axial (streamwise) coordinate is x 1 , the vertical (crossstreamwise) coordinate is x 2 and the spanwise coordinate is x 3 . In the simultaneous measurement, 9 X-type hotwire probes are spaced in the inhomogeneous x 2 -direction with ∆r = 11.0 mm (which is the interval between probes). Figure (9) . It is found that the data of the 9-point measurement agrees very well with those of the single probe measurement. Figure 6 presents the vertical profiles of the Reynolds stress uv . The ordinate and abscissa are normalized by u m v m and b, respectively. The present data shows a little scattering, but the distribution of those data agrees with the profile measured with the single probe. Therefore, we concluded that the present simultaneous measurements at 9 points with the Figure 7 (a) and (b) shows the two-point spatial velocity correlation for u and v at x 1 /d = 20.0. The two-point spatial velocity correlation (10) is defined by
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1 Mean velocity and turbulent intensity
2 Two-point spatial velocity correlation
where α denotes either u or v. The value of C αα is in the range [−1.0,+1.0]. It was confirmed that the present profiles in Fig. 7 agree very well with ones of the two-point spatial velocity correlation of the simultaneous measurements with the two X-type hot-wire probes (6) . Since C αα is the dimensionless quantity of R αα in the KL expansion (see Eq. (1)), this agreement warrants the reliability of the KL expansion. The notable feature in the self-preserving region of a plane jet is that C uu shows negative values and C vv positive values at the symmetric positions with respect to the jet centerline (corresponding to the second and fourth quadrants in Fig. 7 ). From this feature, the coherent structure called "jet flapping" has been so far sug- Fig. 8 (a) , it is found that the streamwise fluctuating velocity field u(x 2 ,t) shows a pair of fluid lumps with positive and negative values on opposite sides of the jet centerline at the same time. On the other hand, the cross-streamwise fluctuating velocity field v(x 2 ,t) instantaneously shows the same sign in the whole region of the cross section, i.e., a vertically striped pattern is formed. The characteristics of these structures are consistent with the distribution of two-point spatial velocity correlation on opposite sides of the jet centerline; i.e., the correlation of u shows a negative value and that of v shows a positive value. Figure 9 shows the time signals at x 2 /b = ±0.34 to capture these features clearly. From Fig. 9 , it is observed that the signals of u at each position tend to change adversely, and the signals of v change in the same direction. Figure 10 Fig. 10 show the results of the simultaneous measurements with the two X-type hotwire probes at x 1 /d = 20.0 (9) . Since in the 2-point measurement (9) the 21 measurement points were selected at a downstream location, the number of terms in the KL expansion was 21. On the other hand, the number of terms is 9 in the present experiments. Therefore, both distributions could not be compared quantitatively, but it is found that the characteristics of both distributions are similar. In the present experiments, the energy contributions of the first, second and third modes of u are approximately 23.3%, 17.4% and 14.8%, respectively, and the contributions of 
Results of KL Expansion
1 Eigenvalues
(1) (x 2 ,t) ( Fig. 11 (a) ), it is found that pairs of fluid lumps with the positive and negative values on opposite sides of the jet centerline are clearly extracted, and the signs of fluctuating velocity for these fluid lumps change alternately as the time advances. On the other hand, from Fig. 11 (b), v (1) (x 2 ,t) shows vertically striped pattern and also the signs of the fluctuating velocity change alternately as the time advances. From these results, we can suppose the flapping model shown in Fig. 12 . This model is constructed by a queue of counter-rotating vortices whose centers are on the jet centerline, and these profiles represent the feature of the "flapping" (1) - (4) very well. 
. From the time variation of u (2∼3) (x 2 ,t) ( Fig. 13 (a) ), it is found that when the fluid lumps with the positive value pass near the jet centerline, the lumps with the negative value exist at both sides of the positive lumps. In the time variation of v (2∼3) (x 2 ,t) ( Fig. 13 (b) ), we observe the inverse sign of the veloc- ity fluctuation with respect to the jet centerline. From these results, we can consider the puffing model shown in Fig. 14. This model represents the structure of the counterrotating vortices formed symmetrically with respect to the jet centerline, and this structure is very similar to the one of the "puffing" phenomenon (2) that occurs dominantly in the potential core region.
From these results of the KL expansion, it is considered that the first modes of u and v present a characteristic of the "flapping", and the second and third modes show that of the "puffing". Therefore, it can be concluded that the coherent structure in the self-preserving region of a turbulent plane jet is formed by the combination of "flapping" and "puffing", and this idea was originally suggested by Goldschmidt and Bradshaw (1) . Figure 15 shows a schematic of the vortex structure formed by the combination of flapping (Fig. 12) and puffing (Fig. 14) . In Fig. 15 , a "circle" corresponds to a strengthening region, and a "square" corresponds to a weakening region. Now let us see the part of Eq. (1) shown in Fig. 15 . From the rotational direction of a flapping vortex and two puff- ing vortices, we find that a puffing vortex at x 2 < 0 is strengthened and a puffing vortex at x 2 > 0 is weakened. On the other hand, it is also found that there exists the strengthening effect around the jet centerline between two puffing vortices. Consequently, in the case of (1), the clockwise vortex structure whose center is located at x 2 < 0 is formed. Considering similarly the case of (2), the counterclockwise vortex structure whose center is located at x 2 > 0 is formed. Additionally, the strong vertical flows are generated between flapping vortices, and these flows may be a reason the first v-mode shows a very high contribution. From these considerations, we can derive the zigzag structure of the counter-rotating vortices shown in Fig. 16 . In Fig. 16 (a) and (b), the flows produced by u and v are emphasized, respectively. The structures in Fig. 16 are consistent with the coherent structure in the self-preserving region of a plane jet suggested by Antonia et al. (3) and Thomas and Brehob (4) . However, it should be noted that this zigzag structure is derived by the combination of "flapping" and "puffing", and this idea seems to be a new interpretation of the coherent structure of the jet. Figure 17 
u (x 2 ) and
. Comparing the structure reconstructed by the first three modes (Fig. 17) with the one reconstructed by only the first mode (Fig. 11) , we observe a significant change between them, and that the structure in Fig. 17 becomes more similar to the zigzag structure shown in Fig. 16 . From this result, it is concluded that the flapping phenomenon is the most powerful structure in the self-preserving region of a plane jet because it corresponds to the first mode of the KL expansion, but the puffing phenomenon corresponding to the second and third modes is also important in the whole coherent structure. 
Conclusions
In this study, the multipoint simultaneous measurements of the main streamwise and cross-streamwise velocities in the self-preserving region of a plane jet have been performed using an array with 9 X-type hot-wire probes, and the spatiotemporal characteristics of the coherent structure are investigated.
( 1 ) From the time variations of the streamwise fluctuating velocity, it is found that there exists a row of pairs of fluid lumps with the positive and negative streamwise fluctuating velocities on the opposite sides of the jet centerline. On the other hand, the cross-streamwise fluctuating velocity field shows a vertically striped pattern.
( 2 ) From the analysis of the KL expansion, it is found that the first mode presents a characteristic of "flapping", and second and third modes represent that of the "puffing". Therefore, it is concluded that the coherent structure in the self-preserving region of a turbulent plane jet is formed by the combination of "flapping" and "puffing". This conclusion is a new interpretation of the previous large-scale vortex structure model that the counterrotating vortices are arranged in zigzags in the downstream direction.
